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to Deduce a Model of the Martian Atmospheric Structure 

(Presented at the Conference on The Atmospheres of Mars and Venus 

Kitt Peak National Iaboratory, February, 1967) 

T. M. Donahue 

University of Pittsburgh 

ABSTRACT 

An F1 layer maximum would apparently occur fifteen kilometers too 

high in the Martian ionosphere even though the atmosphere were pure C02 

in a m o d e l  with high temperature mesopause and thermopause. 

out, however, that a similar calculation of electron densities in the 

earth's ionosphere starting with a reasonable model for neutral structure 

and temperature would a lso  disagree with the observed profile of electron 

density in the F1 region. It is argued that where no ionospheric model 

based on unforced assumptions manifestly supports any atmospheric model 

it is unreasonable to rely on ionospheric properties to discriminate 

between models. 

It is pointed 



Recently I suggested(') t h a t  the Martian ionosphere observed by 

Mariner IV(2) might be an F1 layer  i f  the  temperature p ro f i l e  was close t o  

t h a t  ca l cuh ted  by Chamberlain and M ~ E l r o y ( ~ )  and the lower atmosphere was 

almost pure C02 with a smface pressure of 6 mb. 

maximum was t o  be suppressed by the rapid conversion of 

up t o  230 km where diffusion would begin t o  cont ro l  the ion d is t r ibu t ion .  

In  the  F 1  model an F2 

t o  02+ by C02 

To achieve t h i s  t h e  r a t i o  of 0 t o  C02 would have t o  be l e s s  than 100 t o  one 

below 230 kn. 

I have now calculated the photo-ionization rate i n  t h i s  model of 

t he  Martian atmosphere (Fig. 1) f o r  a so la r  elevation angle of 20°. The 

r e su l t s  a r e  shown i n  Fig. 2. Maximum ionization occurs a t  140 km and i n  

the  absence of ad hoc assumptions about recombination rates the maximum 

electron density will a l so  be found near t h a t  a l t i t u d e ,  

t o  02+ through the  reaction(4) 

If O+ is  converted 

O+ + co2 + 02+ + co (1.2 x 10-9 cm3 sec-1) (1) 

and i f  CO+ i s  converted t o  C02+ by charge t ransfer (4)  with a rate coeff ic ient  

of 1.1 x 10-9 cm3 sec'l the ion dens i t ies  p lo t ted  i n  Fig.  3 r e su l t .  

assumed t h a t  both C02+ and 02+ recombine dissociat ively a t  a rate of 

2 x 10-7 cm3 sec'l independent of a l t i t ude .  

It is 

Clearly a thermal model l i k e  

that of Chamberlain and McElroy, even i f  the atmosphere i s  pure C02 and has 

a low surface pressure of 6 mb, w i l l  not produce the  observed ionosphere 

i f  the simplest and most natural  assumptions concerning ion production and 

loss processes a r e  correct.  There a re ,  of course, numerous ad hoc altera- 

t i ons  which can be made i n  the model t h a t  w i l l  force it t o  yield the  

desired ionosphere. A lower mesopause temperature might reduce the  atmo- 

1 
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spheric dens i t ies  suff ic ient ly  t h a t  op t i ca l  depth of unity i n  the  ionizing 

u l t r a  v io l e t  can occur a t  I25 km instead of 140 km. 

d i ssoc ia t ive  recombination coeff ic ient  of C02+ can be manipulated, since 

it has not ye t  been measured. For example taking cr(CO2+)to be 2.5 x 

cm3 sec'l a t  125 km and l e t t i n g  it increase t o  4 x 10-7 cm3 sec'l by 140 km 

would r e s u l t  i n  a fair reproduction of the  Mariner IV electron dens i t ies .  

Such exercises,  however, seem somewhat frivolous,  and it is d i s t a s t e f u l  

t o  accept the r e su l t s  as serious arguments f o r  one model of atmospheric 

composition and thermal behavior as against  another. If a simple and un- 

forced explanation of the  Martian ionosphere had followed from some atmo- 

spheric model that f a c t  could perhaps have been used as supporting the  

adoption of that model. 

occurred, should have been accepted with reservation and suspicion i n  view 

of the  experience with the  ionosphere of the ear th .  

a wealth of information a t  hand on composition, temperatures and reaction 

r a t e s  it has not been possible t o  put together a consistent model of t h a t  

ionosphere. 

Alternatively,  the  

Even such a sa t i s fy ing  state of affairs, had it 

For here, even with 

To i l l u s t r a t e  t h i s  d i f f i cu l ty  suppose t h a t  w e  had only as much 

information about Earth 's  atmosphere and ionosphere as we do about Mars. 

Suppose t h a t  f o r  the morning of 15 Februaq  1963 with the  sun 30" above 

the  horizon a t  White Sands, New Mexico w e  had a measurement of atmospheric 

density as a function of a l t i t ude  and based on t h i s  a calculat ion of t e m -  

peratures and the  densi t ies  of 0, N and 0 

f a c t  the dens i t ies  which a r e  given by the  observations of Hinteregger, e t  

a1.(5) f o r  that epoch. 

a function of a l t i t u d e  were t h a t  shown i n  Fig. 6. 

with that measured by Holmes, Johnson and Young(6) on the  day selected.  

Suppose a l so  t h a t  there  were a t  hand a l l  of the  information which is  i n  

shown i n  Fig. 4. These are i n  
2 2 

Suppose a l s o  t h a t  the measured electron density as 

This p ro f i l e  agrees 



3 

f a c t  avai lable  concerning ionization cross sections,  so l a r  f lux,  ion-molecule 

rates and dissociat ive recombination rates and armed with these we attempted 

t o  pred ic t  the electron density as a f'unction of a l t i t u d e  f o r  the  proposed 

atmospheric model. 

pos i t ive  ion species would also be produced i n  the  calculat ion but would 

not  be susceptible t o  experimental ver i f ica t ion  under the  hypothetical 

circumstances. 

produce the  desired t o t a l  ion densi ty  but predict  a breakdown i n t o  individual 

species completely a t  variance w i t h  the  ion composition data. 

agreement between the  model electron dens i t ies  and those observed would be 

for tu i tous  but would probably be used a s  a strong argument f o r  the  v a l i d i t y  

of t he  model. 

e lectron densi ty  p ro f i l e  m i g h t  d i f fer  su f f i c i en t ly  from the observed one 

t o  cas t  doubt on the neut ra l  model even though it i s  i n  r e a l i t y  c lose t o  

t h e  correct  one. 

As a by product the steady state dens i t ies  of the  

It is conceivable t h a t  t he  proposed calculat ion m i g h t  re- 

Thus the  

Conversely - and t h i s  i n  f ac t  is  the case - the  calculated 

Let us, therefore,  calculate  the rate of production of O+, N2+ and 

02+ by ionizing so la r  flux and fast photo-electrons f o r  t h i s  model atmosphere 

i n  the standard fashion. The rates obtained are p lo t ted  i n  Fig. 5 .  The 

O+ created i s  converted t o  NO' and 02+ via  the reactions 

0' + N2 --f NO' + N (kc = 1.8 x lo'= cm3 sec- l )  (2 1 

and 

O+ + o2 + 02+ + o (% = 2 x 10-11 cm3 sec-1) (3) 

The rates shown a r e  the  Latest quoted by the ESSA group a t  300°K(7). 

though no data on temperature dependence of these rate coef f ic ien ts  are 

yet  available from flowing afterglow studies ,  the r e s u l t s  obtained from 

beam studies  a t  low energy(8) a s  wel l  as theo re t i ca l  arguments strongly 

Al- 
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support t h e  supposition that they increase slowly with increasing tempera- 

t u r e  * 

The steady state 0' density i s  given by 

nl+ = 91 
kb "3 + kc "2 

(4) 

where the  subscr ipt  1 r e f e r s  t o  0, 2 r e f e r s  t o  N2, 3 t o  O2 and 4 t o  NO. 

The q i  are the  s o l a r  production r a t e s .  The charge t r a n s f e r  react ion of 

N2+ with 0 i s  neglected as a minor contr ibutor  t o  the 0' production. 

Similar ly  N2+ is converted t o  02' and NO' by the react ions 

N2+ + O2 9 02+ + N2 (ka = 10''' cm3 sec- l )  

N2 + + o 4 NO+ + N (kd = 2.5 x 10-10 cm3 sec-1) 

( 5 )  

and 

(6) 

Again the  rate constants a r e  the ESSA room temperature values. 

neutral ized by dissoc ia t ive  recombination 

N2' is  a l s o  

N2' + e + N + N (a2 = (2.8 2 0.3) x 10-7 cm3 sec'l) (7) 

The l a t e s t  information on the  temperature dependence of % i s  curious(9).  

Under conditions where T - = T almost no change i n a 2  occurs 

between 200' and 480°. 

neut ra l s  are held a t  300°K a2 var ies  as Te 4 3  . A t  least i n  the case of 

N2+ these r e s u l t s  suggest t h a t  a increases with the  v ib ra t iona l  exc i t a t ion  

of the  ion but decreases with t h e  e lectron temperature. 

assumption t o  apply t o  the  atmospheric ion i s  t h a t  a 

e - Tion gas 
However, when Te alone var ies  and the  ions and 

The safest 

i s  constant.  2 
The steady state N2+ density i s  determined by 
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There is no information available on the variation of k and k with tempera- 

ture. 
a d I 

It would be a great surprise, however, if they were to decrease 

rapidly with T. 

As for 02+ it is created by solar uv and photo electrons as well 
+ as by processes a and b from N2 and 0'. A non negligible portion of 02+ 

may be lost by charge exchange with NO at low altitudes. The rest recom- 

bines dissociatively at a rate 

( 9 )  = (2.2 f 0.5) x 10-7 cm3 see'' cr3 

at 300'K. Between 200' and lOOO'K under conditions in which Te = Tgas - - 
Tion a 3 appears to follow a ~ - 1 1 2  hw(9). 

The steady state gives 

Finally, NO' created from N2+ and O+ (and 02+ via charge transfer 

with NO) recombines with a rate coefficient(9) 

- 
Tgas - at 300'K. The data on temperature dependen~e(~), again for Tion = 

Te support a variation between T-l and T -3/2 between 200' and 5000'K. 

density of NO+ is given by 

The 

Finally a neutrality condition given by 

ne = nl+ + r ~ +  + n3+ + n4+ 

must prevail. 
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A t  the F2 peak, measured t o  be a t  260 km with ne = 6 x lo5 cm-3 

the  rate of diffusion loss of 0' and the  chemical loss t o  NO' by process 

c a r e  i n  balance as expressed by the relat ionship 

where the  diffusion coefficient D i s  approximately given by 

and H is  the scale  height. Taking kc t o  be 2 x lo-= cm 3 sec- l ,  H t o  be 

50 km and T t o  be 1000°K t h i s  condition demands t h a t  a t  t he  F2 peak 

A t  260 km i n  the model the  densit ies of oxygen and nitrogen are so high- 

that t h e i r  product i s  an order of magnitude l a rge r  than required by (16). 

The F2 peak should occur a t  300 km where 

n1 = 7 x 10 0 cm-3 

and 

Furthermore, nl+ should be given a t  the peak by 

o r  

6 nl+ = 1.2 x 10 cm-3 n 
e 

with q1 = 250 cm'3 sec''. 

of two smaller. 

The observed F maximum density i s  a factor 2 



7 

I n  t h e  F1 region, however, t he re  are problems. A t  130 km where 

t h e  temperature i s  close t o  300'K t h e  O+ condition (4) becomes 

nl+ = 103 = 2.1 x 1G 3 cmm3 
935 + 913 

The N2+ condition (8) leads t o  

(22 n2+ = 1.26 103 2 1.2 x lo2 cm-3 
1.75 + 8.75 + 3 x 10-7 ne 

with the  recombination loss negl igible  compared t o  t h a t  i n  channels 

d. 

a and 

The NO+ condition (12) gives 

5 x 10-7 n4' ne = 2.7 x lo2 + 1.05 x lo3 (23) 

and the  02+ condition (10) gives 

2 x 10-7 n3' ne = 1.5 x lo3 + 2 .1  x lo2 + 7.3 x 102 (24) 

Since it is obvious t h a t  nl+ and %+ are small compared t o  n3+ and 

"4' t he  re la t ionships  (23) and (24) give 

(25) 2 1.49 x 10 10 cm-6 
ne 

(26 Y 1.22 x 105 cm-3 ne 

and 
+ = 1 105 cm-3 n3 

4 n4 = 2.2 x 10 cm-3 

If only the value of ne is t o  be compared with observation the  

agreement with 1.1 x lo5 cm-3 i s  excel lent .  

are also a t  hand the s i t ua t ion  i s  not qu i t e  so cheerful.  The 0' densi ty  

computed is  a fac tor  of 2.5 too la rge ,  the  NO+ densi ty  a f ac to r  of 2 too 

low and the  02+ density almost a f a c t o r  of 2 too high. 

Where ion spectrometer r e s u l t s  

Changing t h e  
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neut ra l  model considerably has small e f fec t  on the discrepancies.  For 

example, one based on the  mass spectrometric data of Nier z t  a l .  (10, 11) 

with 

nl = 2.2 x 1010 cm-3 

11 cm-3 "2 = 1.1 x 10 

10 cm-3 n3 = 1.1 x 10 (29) 

(less 0 and Q2 but more M2 than t h e  f i rs t  model) leads t o  

n< = 1.65 x lo3 cm-3 

n + = 3.2 x lo2 cm-3 
2 

-+ 4 = 7.1 x 1.0 cm-3 
n3 

(30) and ne = 1.1 x 10 5 cm-3 

This i s  rather b e t t e r  a11 around agreement, but it w i l l  develop t h a t  t h i s  

model i s  i n  more ser ious d i f f i c u l t y  than the  first one a t  higher a l t i t u d e s .  

E i ther  model can be brought much c loser  t o  agreement with observed 

dens i t i e s  by invoking a sizeable f l o w  of 0 + t o  NO+ by charge t r ans fe r  of 2 

02+ with NO (ll). Since the  ra te  coef f ic ien t  f o r  t h i s  react ion i s  measured ( 7 )  

t o  be 8 x 10-l' cm3 sec- l  a t  300'K the  r a t e  of t r ans fe r  would be 8 x 

n3+ if the NO densi ty  were a s  high as lo7 

be t o  reduce n + t o  8.2 x 10 cm-3 and raise n 

ne = 1.1 x lo5 cm-3 i n  t h e  first model. 

a t  130 km. The r e s u l t  would 

4 + 4 t o  2.9 x 10 cm-3 w i t h  
3 4 

In the  second low atomic oxygen 

model, t he  NOS densi ty  would increase t o  5 x 10 4 cm-3 and t h e  0 i- densi ty  

go down t o  5.5 x 10 4 cm-3 which are very close t o  the  observed values. 
2 
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I n  t h e  upper reaches of t h e  thermosphere a problem i s  what t o  do 

about t he  temperature var ia t ion of  t he  rate coef f ic ien ts .  I n  t h e  s p i r i t  

of t h e  present exercise there  i s  no reason not t o  accept the  indicat ions 

of  t he  laboratory measurements. Accordingly a l l  ion molecule rates w i l l  

be held constant - with the  understanding tha t  t h i s  may underestimate t h e  

rate of O* l o s s  ( the  correspondicg production rates of 0 ' and NO' are 

control led en t i r e ly  by ql)" 

wS11be assume5 t o  follow the  Isborntory t,rer_ds discussed already. 

o+ w i l L  be held a t  2 x 10-7 cm3 sez-l; cy vi11 decrease t o  1.6 x 10-7 cm3 

sec'l a t  160 km and t o  1 x 10-7 cn3 sec" a t  220 km; a4 w i l l  be 1.5 x 

ern3 sec' l  a t  160 km and 3 x lom8 cn3 sec - l  by 220 km. 

rap id ly  decreasing lo s s  rate with a l t i t u d e  pa r t i cu la r ly  f o r  NO' and tends 

t o  hold NO' dens i t i e s  up t o  high leve ls .  

2 

The d issoc ia t ive  recombination coef f ic ien ts  

Thus 

3 

This provokes a 

The ion dens i t i e s  calculated as a function of a l t i t u d e  under these 

assumptions f o r  t he  two rriodels o f  atmospheric composition are p lo t ted  i n  

Figs .  6 an3 7. 

two from 160 km t o  nearly 220 km. 

a t  high a l t i t u d e ,  

a l s o  from 130 km t o  160 km and then a r e  much too high a t  high a l t i t u d e .  

N2+ is  much too low i n  model. 1 - by a f ac to r  of from 2 t o  3 a t  a l l  a l t i t u d e s .  

Only 02' i n  model 1 follows the measured p r o f i l e  w e l l .  The r e s u l t  is a l a rge  

deficiency i n  e lectron density i n  the F1 region from 140 km t o  about 220 la 

even i n  mode l l .  

caused mainly by the  four fold excess of NO+ above i t s  measured value. 

The O+ density calculated i s  too low by a f ac to r  of about 

I n  model 2 the  discrepancy i s  much worse 

The NO' dens i t ies  are too low by almost a f ac to r  of 2 

Near 210 km a recovery i n  calculated densi ty  occurs 

This 

anomaly can be traced t o  the  strong assumed decrease i n  a4 w i t h  t he  e lec t ron  

temperature s ince Te increases t o  2200°K a t  220 km. If a4 a t  220 km were 

allowed t o  be 2 x 10-7 cm3 see'' (appropriate i f  T. or T 

rather thar! Te> the  theore t ica l  value of n 4- would only 

1 

4 
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220 km. 

be only 3 x lo5 cm-3 instead of 4.5 x 105 cm-3 required. 

However, t h i s  would be a t  the expense of ne which i n  model1 would 

The disagreement 

between the  calculated and observed dens i t ies  a r e  a t  l e a s t  as serious as 

those turning up i n  the case of Mars. 

Flow diagrams showing the r a t e  of production and loss of the various 

ionic  species i n  various channels a r e  shown i n  Fig. 8. 

qu i t e  helpful i n  showing a t  a glance what e f f ec t  a modification i n  the  

Such diagrams a r e  

model o r  i n  the r a t e  constants w i l l  have on the  ionic dens i t ies .  

The problem of the low values of 0' and N2+ over most of the F1 

region i s  a knotty one. An ad hoc solution i s  t o  l e t  kb, kc and kd decrease 

with temperature but there i s  no way t o  j u s t i f y  such a measure. 

source of ionization above 140 km while helping with O+ and N2+ would c rea t e  

a new problem by creat ing too much 02'. 

taking account of O+ production i n  excited states(12).  

produced a t  a rate about 20s of the 4S s t a t e  and is  rapidly converted t o  

N2+ as McElroy and Dalgarno propose it contributes l i t t l e  t o  the  

but w i l l  increase the  N2+ and NO+ dens i t ies .  

i n  N2' and 20% i n  NO+, however. 

Some new 

Some improvement i s  possible by 

If the  !D state is  

densi ty  

The e f f ec t  i s  only about 3 6  

In  brief there  is  a serious excess i n  the obseryed degree of ioni-  

zation from 140 t o  about 240 km above the expected l eve l .  To avoid doing 

violence t o  reaction ra tes  o r  invoking eso ter ic  sources of ionizat ion the  

observer who does not have available d i r ec t  measurements of atmospheric 

dens i t ies  o r  ion composition would probably be tempted t o  solve t h i s  

problem by great ly  increasing the proportion of atomic oxygen o r  some other  

atomic consti tuent i n  the  upper atmosphere. 0' tends t o  be removed more 
+ slowly than e i t h e r  N2 o r  02+ par t ly  because the loss r a t e  f o r  0' i t s e l f  

i s  independent of electron density and pa r t ly  because the recombination 

i s  a two s tep process involving diatomic ion formation and subsequent 
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recombination. However, i n  fact ,  building up the re la t ive  0 concentration 

w i l l  push up the N2 

excess of t h a t  ion even worse. The calculated NO' density correspondingly 

+ l o s s  r a t e  through channel d and make the observed 

tends t o  increase even higher above observed values a t  high a l t i t ude .  

There a l s o  a r i s e s  a r i s k  of reducing the ionization r a t e  a t  130 km because 

of absorption above t h a t  a l t i tude thus  losing the agreement between computed 

and observed electron density a t  t ha t  a l t i t ude .  This could be avoided by 

reducing the  N2 density so as to  keep the  op t i ca l  depth down a t  the wave- 

lengths which ionize both N 

rate per 

force a model t o  f i t  electron density alone would probably be tempted by 

measures t ha t  we, with more information, would be qui te  re luctant  t o  take.  

It i s  f o r  t h i s  reason tha t  I believe the Martian ionosphere may present 

and 0. This measure a l s o  reduces the loss 2 
ion i n  channel C .  Thus our hypothetical observer i n  t ry ing  t o  

problems t h a t  would pe r s i s t  even i f  the composition of the neut ra l  atmo- 

sphere were well  known. It seems t o  me, therefore,  t h a t  even serious 

d i f f i c u l t i e s  i n  predicting ionospheric electron dens i t ies  i n  the  F region 

should not be taken as weighty arguments a t  t h i s  t i m e  against  any model of 

1 

the  neut ra l  atmosphere tha t  otherwise makes sense. 
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Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

Figure 7 

Figure 8 

Figure Captions 

A model of the Martian upper atmosphere based on 6 mb of 

pure C02 a t  tlne surface and the temperatures of Chamberiain 

and McElroy, 

Ion production rates  i n  the Martian ionosphere fo r  so l a r  zenith 

angle of 70".  

Calculated and observed Martian electron dens i t ies .  

A model of the  upper atmosphere of Earth. 

Ion production rates i n  the Earth 's  Ionosphere f o r  a so la r  

zenith angle of 60". 

Observed electron and 

calculated densi t ies  f o r  model 1 (dashed l i nes )  and model 2 

(dotted l i nes ) .  

Observed densi t ies  of 0 ', NO' and N2' (sol id  l i nes )  and 

calculated densi t ies  (dashed l i n e s  f o r  model 1 and dotted 

l i nes  for  model 2) 

Flow diagrams showing dens i t ies  of N2+, 02', 0' and NO', solar 

production rates, t r ans fe r  rates from N2+ t o  02' (a )  and NO+ 

(d) and from 0' t o  02" (b) and NO+ ( a ) ,  and recombination 

rates of N2+ t o  0' and NO'. 

from 02' t o  NO' via NO a r e  not shown. 

dens i t ies  (sol id  l i nes )  f o r  Earth and 

2 

Channels e from N2' t o  0' and f 
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h = l  

A = + 0.4513408582627891 X 10’ 
B = + 0.37448651 90483202 X 10 ’ 
C = -0.2769272800754423 X 10’ 
D = + 0.9433565393074166 X 10’ 
E = + 0.1055413968372178 X lo2 
F = +0.6288190624578802 X 

M = 0.5828670879282069 X 10’ l4 

h = 4  

A = + 0.450701 9590625572 X 10’ 
B = + 0.3740448 13 1455307 X 10 
C = -0.2768317205414987 X 10’ 
D = +0.9414899439055362 X 10: 
E = + O .  105370131 1149719 X 10 
F = + 0.6272339359526764 X 1 0‘2 

M = 0.1224323420423443 X 1 6 ”  

h = 2  

A = + 0.4512008438957284 X 10’ 
B = + 0.3743936586512442 X 10’ 
C = - 0.2769076432349482 X IO ’ 
D = + 0.942968 1327692907 X 10 ’ 
E = + O .  1055053194443676 X lo2 
F = +0.6284207351324604 X 

M = 0.9935108291614367 X 

h = 16 

A = + 0.4405766736959988 X 10: 
B = + 0.3669989101432331 X 10 
C = - 0.2752824996097087 X 10 ’ 
E = +o. 1026464040151929 x lo2 
F = +0.6161613003116790 x 

M = 0.2015977389469012 x 

D = +0.9117484138879304 X 10’ 
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